We used Southern blot hybridization to study
ABSTRACT
We used Southern blot hybridization to study X chromosome-linked color vision genes encoding the apoproteins of red and green visual pigments in 134 unselected Caucasian men. One hundred and thirteen individuals (84.3%) had a normal arrangement of their color vision pigment genes. All had one red pigment gene; the number of green pigment genes ranged from one to five with a mode of two. The frequency of molecular genotypes indicative of normal color vision (84.3%) was significantly lower than had been observed in previous studies of color vision phenotypes. Color vision defects can be due to deletions of red or green pigment genes or due to formation of hybrid genes comprising portions of both red and green pigment genes [Nathans, J., Piantanida, T. P., Eddy, R. L., Shows, T. B., Jr., & Hogness, D. S. (1986) Science 232, 203-2101. Characteristic anomalous patterns were seen in 15 (11.2%) individuals: 7 (5.2%) had patterns characteristic of deuteranomaly (mild defect in green color perception), 2 (1.5%) had patterns characteristic of deuteranopia (severe defect in green color perception), and 6 (4.5%) had protan patterns (the red perception defects protanomaly and protanopia cannot be differentiated by current molecular methods). Previously undescribed hybrid gene patterns consisting of both green and red pigment gene fragments in addition to normal red and green genes were observed in another 6 individuals (4.5%). Only 2 of these patterns were considered as deuteranomalous. Thus, DNA testing detected anomalous color vision pigment genes at a higher frequency than expected from phenotypic color vision tests. Some color vision gene arrays associated with hybrid genes are likely to mediate normal color vision.
X chromosome-linked red-green color vision anomalies affect about 8% of Caucasian males. Among individuals with defective color vision, more than half have deuteranomaly (mild green color perception defect, G'), while the remainder comprise approximately equal proportions of those with deuteranopia (severe green color perception defect, G-), protanopia (severe red color perception defect, R-), and protanomaly (milder red color vision defects, R') ( Table 1) .
Nathans et al. (9, 10) cloned the genes encoding the apoproteins ofred and green visual pigments and showed that males with normal color vision have one red pigment gene and one or more green pigment genes. Vollrath et al. (11) showed these genes to be arranged in tandem with the red pigment gene 5' to the green pigment gene(s). Red-green color vision anomalies resulted from homologous recombination or gene conversion between the red and green pigment genes leading to gene deletions or full-length hybrid genes consisting of portions of both red and green pigment genes (such as 5'-green-3'-red and 5'-red-3'-green). Close homology (98% sequence identity) between coding sequences and between introns (Fig. 1 ) was postulated to be the cause of relatively frequent crossovers between the red and green pigment genes leading to a great variety of visual pigment gene arrangements.
We have studied the nature and frequency of visual pigment gene arrangements in unselected Caucasian males. Anonymous DNA samples from 134 randomly chosen White men (whose color vision status was unknown) were analyzed by genomic Southern blot hybridization with probes that detect the 5' end, middle, and 3' end of the red and green pigment genes. The gene patterns were deduced from the relative hybridization signals of the green-and the redspecific fragments generated by various restriction enzymes. The previously described normal patterns of one red visual pigment gene with one, two, or three green visual pigment genes (9) were confirmed. In addition, we detected individuals who carried four or five green pigment genes. However, the frequency of individuals with a normal arrangement of color vision genes (84.3%) was lower than the >90% frequency of normal color vision expected for a male Caucasian population (Tables 1 and 2 ). In addition to patterns known to be associated with color vision anomalies (10, 17), we detected pigment gene patterns that were not described previously. We suggest that some of these patterns are associated with phenotypically normal color vision.
METHODS
Sample Population and Southern Blot Analysis. A population of unselected Caucasian men from the Seattle area, which included 46 medical students and 88 employees of a large industrial firm, was used for this study. The blood specimens had been obtained with permission for population studies on blood lipids and were used anonymously in this investigation. Phenotypic color vision status therefore was unknown and could not be tested. The probes for the color vision pigment gene were supplied by J. Nathans. DNA extraction, gel electrophoresis, Southern blotting, hybridization and washing ofblots, autoradiography, and densitometry were described previously (17) .
Interpretation of Southern Blot Patterns. Ag and Ar EcoRI fragments, detected with probe A, encompass the 5' and middle portions of the green and the red pigment genes, respectively ( Figs. 1 and 2) . Bg, Cg, Br, and Cr were subfragments of the Ag and Ar fragments generated by digesting genomic DNA with EcoRI and BamHI and were detected with probe A (Figs. 1 and 2 ). The Dg and Dr Rsa I fragments were derived from the 3' region of the green and red genes, respectively, and were detected on Southern blots with probe B (Figs. 1 and 2) . Nathans et al. (9) found that males with normal color vision had equivalent Ag/Ar, Bg/Br, Cg/Cr, and Dg/Dr ratios. These ratios could be 1:1, 2:1, or 3:1 depending on the presence of *To whom reprint requests should be addressed.
983
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 9.8 Values in parentheses refer to proportions of given color vision defect among all X-linked color vision defects in a population. one or more green pigment genes with the single red gene (Fig. 3) . Therefore, inequality in the green/red fragment ratios in any individual indicated the presence of abnormal gene arrays-i.e., complete gene deletion or hybrid genes comprising pieces of both red and green genes.
As DNA fragments of different sizes usually did not transfer and hybridize equally to give equivalent signals on autoradiography, means and standard deviations of the density ratios were calculated from males with normal color vision pigment gene arrays (Table 3) . These values were used as standards for the determination of abnormal gene arrangements (see also legend to Table 3 ).
In one class of abnormal gene arrays, one or more of the green or red pigment gene fragments were completely missing. For example, individuals 1225 and 1526 ( Fig. 4) who had all the red pigment gene fragments, but no detectable green fragments, were classified as deuteranopes (G-). On the other hand, the first four individuals listed in Fig. 5 lacked the Dr fragment (3' end of the red gene replaced by that of the green gene) and individual M640 lacked both the Cr and Dr fragments. These persons were classified as protans (R-or R'), since protanopic (R-) and protanomalous (R') patterns are not distinguishable by current molecular methodology.
In another class of anomalous gene arrays, one or more 5'-green-3'-red fusion genes were found in addition to normal green and red genes. An example was the deuteranomalous (G') individual 110 (Fig. 4) (Fig. 6) . The Ag/Ar, Bg/Br, Cg/Cr, and Dg/Dr density ratios corresponded to gene ratios of 1.5, 4, 1.5, and 4, respectively. This individual therefore had four copies of the Bg and Dg fragments, one copy of the Br and Dr fragments, three copies of the Cg fragment, and two copies of the Cr fragment, indicating the presence of a fusion gene composed of the middle fragment of the red gene flanked by the 3' and 5' fragments of the green gene.
By relating the relative numbers of the 5', middle, and 3' fragments of the green and red pigment genes to the assumption that anomalous gene arrangements arose by homologous recombination, gene arrays can be inferred. More precise delineation of the fusion points in hybrid genes will have to await cloning and sequencing of these genes.
RESULTS
Of the 134 Caucasian men tested, 113 (84.3%) had green/red pigment gene ratios of 1:1 (n = 25), 2:1 (n = 58), 3:1 (n = 21), 4:1 (n = 6), or 5:1 (n = 3) based on their Ag/Ar and Dg/Dr ratios (Fig. 3, Table 3 ). These patterns were assumed to be normal color vision pigment gene arrays. Nathans et al. (9) had shown that males with normal color vision all had one red pigment gene in the presence of one, two, or three green pigment genes. We assumed normal color vision status for those with four or five green pigment genes. The other 21 patterns included 15 patterns that appeared to be similar to previously described gene rearrangements associated with color vision anomalies. These were divided into 9 deutan (Gor G'; Fig. 4 ) and 6 protan (R-or R'; Fig. 5 ) types. However, only the deutan types could be further classified into 2 deuteranopic (absence of green pigment gene, G-) and 7 deuteranomalous (presence of green-red fusion gene, G') individuals. The protan group included some gene patterns Fig. 3 ) with a green/red ratio of 3:1, 2:1, 3:1, 2:1, and 1:1, respectively; 342 has a protan (R-or R') pattern (see Fig. 5 ); 325 has a deuteranomalous (G') pattern (see Fig. 4) ; and 336 has a "new" pattern (see Fig. 6 ).
that had been found previously (10, 17) in association with both protanopia (R-) and protanomaly (R'). than one intragenic crossover would have had to occur to produce these patterns. While -these four arrays are most likely associated with normal color vision, a deuteranomalous (G') phenotype cannot be ruled out. However, the relatively high frequency of these patterns make such an interpretation less likely.
In two individuals (nos. 336 and 986), hybrid genes had a small 5' piece of a green pigment gene (Bg), while the rest of the gene was of red pigment origin. We suggest that these arrays are probably associated with deuteranomaly (G'), since the hybrid genes in these cases contain more DNA derived from the red pigment gene. The proportions found of deuteranopic (G-) (11.8%), deuteranomalous (G') (52.9%), and protan (R-or R') (35.3%) patterns among 17 arrays considered to be associated with abnormal color vision were similar to those expected from phenotypic testing ( Table 1) .
DISCUSSION
Nathans et al. (9, 10) elucidated the nature of normal and abnormal visual pigment gene arrangements. In an earlier report, we documented the molecular arrangements of a variety of X chromosome-linked color vision defects in a large kindred including women carriers (17) , and one ofus has discussed the implications of various molecular findings (16) . The present investigation studied a larger, unselected population and detected a variety of different arrangements of visual pigment genes.
Three of these patterns-i.e., the presence of one, two, or three green pigment genes alongside one red pigment genewere known to be associated with normal color vision (9). We Table 3 . Green/red pigment gene fragment ratios of males with normal pigment genes
Ratio of green
Fragment ratio, mean ± SD (n subjects) 4.01 ± 0.39 (5) 6.56 ± 1.88 (2) 3.13 ± 1.23 (2) 5.14 ± 1.06 (5) .5: *Ref. 17. tFifteen out of 113 individuals with normal patterns were studied with a modified procedure that included 15 min of acid (1 M HCI) treatment of the gels after electrophoresis and before denaturation.
This alternative gave better transfer of DNA to nitrocellulose filters and resulted in Bg/Br and Cg/Cr ratios that were closer to the expected ratios. This altered technique is therefore recommended. Ten out of the 15 normal individuals studied by the modified procedure had a 2:1 ratio. also detected individuals with four or five green pigment genes who presumably also have normal color vision (Fig. 3) . (Figs. 4-6 ) deuteranopia (G-) can be qualitatively detected on Southern blots by the absence of one or more green pigment gene bands. Protanopia (R-) and protanomaly (R') can also be readily detected by the absence of one or more of the red pigment gene bands. However, they cannot be differentiated from each other by the DNA techniques currently employed (10, 17) . Detection of the most common defect, deuteranomaly (G'), requires densitometric quantitation of the red and green pigment gene bands.
At first glance, the finding of one red pigment gene and the presence of more than one green pigment gene in males with normal color vision seems to explain the higher frequency of Fig. 1 for explanation of Ag, Bg, Cg, Dg, Ar, Br, Cr, and Dr. The solid and open arrows represent red and green pigment genes, respectively. Hybrid genes consist of both green and red pigment gene segments, as illustrated. Subjects 1082 and 1084 (*) were studied by a modified Southern blotting method (see Table 3 ). tIt should be noted that the frequency of color vision defects was somewhat higher when anomaloscopy was done on all subjects (see Table 1 ). In most studies, color charts were initially utilized and anomaloscopy was done only on those found to be color-defective. with psychophysical methods for assessing color vision are needed.
